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Project 3.3, aiming at prediction of blast damage to forests from
atomic explosions, sought to establish the following relationships for
isolated coniferous trees: (1) ýree damage in terms of stem breakage,
branch breakage, and defoliation' in relation to peak overpressure and
positive phase duration time; (2) deflection-time and strain-time
functions for tree stems following arrival of shock wave. -

Four pine trees and a weighted diei on an aiuminum beam(called
lollipop) were exposed at each of four stations. Trees approximately
45 ft high and 12 in. in diameter were cut from the Nevadaational
Forest and placed in concrete foundations at the test si Lollipops,
32 in. in diameter and weighing 380 lb, were mounted 1, ft above the
ground on 4-in. aluminum I-beams, which in turn wer 4ixed in concrete
foundations. Strain meter-oscillograph systems r orded strain-time
relationships on one tree and the lollipop at /ach station. Motion
pictures were used to scale deflection-time ata. On each tree scratch
gages recorded maximum strain at base of ,fown and at 1-ft level, and
snubber wires measured maximum stem degection at a selected reference
point. A

Six trees were broken ovihot 3 and one of the remaining on Shot
4. No defoliation or brape breakage occurred; tree crowns broke up as
a unit with a stem breok usually near the base of the crown. This tree
breakage was related with two ratios: shock peak dynamic pressure to
dynamic pressure for breakage due to steady wind; and tree period to
positive phase duration time. Lollipop deflection-time history was
also related to the latter ratiW and to Lie ratio of maximum deflection
to static /0eflection associated vith peak dynamic pressure.

Gqod agreement was found between Shot 3 lollipop deflections and
those theoretically predicted using measured overpressures. Breakage
and deflection data on Shot 4 indicate that actual peak dynamic
pressure was greater than that calculated from peak overpressure. This
observation agrees with Sandia Laboratory dynamic pressure measurements
anti Los Alamos Scientific Laboratory smoke velocity data.

"Blast damage to forests from atomic explosions is primarily a
function of aerodynamic drag associated with particie velocity. Peak
dynamic pressure is a more compatible parameter than peak overpressure
for predicting blast damage to trees and other structures which have
comparatively long perioda and are susceptible to damage by aerodynamic
drag. The lower limit of peak dynamic pressure for complete breakage
of isolated conifers is estimated -to be in the order of 0.7 psi when
associated with 1-sec positive phase duration. This value of dynamic
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tpresure corresponds to a sea level overpressure of 5.5 psi for Mach',•i "flection. Some breakage will occur at lower peak dynamic pressures
i ~ because of strength variations in tree st ems•

Natural forests or prepared forest stands can be instrumented
economically to study blast damage from atomic explosions with no re-
quirement for outside power or timing signals.

bras teeS Haet sIt is recommended that more static break bem

tablish variations in static strength of growing tree stems, and that
future effects tests consist of a graded series of shots to increase
the range of duration times as well as overpressures.
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Project 3.3 was one phase in a research program aimed at pre-
diction of blast damage to forests from atomic explosions. Studies
connected with Project 3.3 were confined to isolated coniferous trees
in order to simplify the problem and to establiAh the following re-
lationships, which provide i field check on blast damage prediction:

1. Tree damage In terms of stem breakage, branch breakage, and
defoliation in relation to peak overpressure and positive phase dura-
tion time,

2. Deflection-time and strain-time functions for tree stems fol-
lowing arrival of shock wave.

To provide a further -heck on computational systems used for
damage prediction, deflection- and strain-time relations were measured
on a simple spring-mass sy-tem which was designed to represent an
"ideal-reproducible" tree.

These studies of isolated coniferous stems were preliminary to
more comprehensive projects which deal with tree stands of varying
densities, shapes, and combinations of tree species. Theref'ore it was
important for Project 3.3 to develop and field-test methods and tech-
niques of measuring motion and strain on tree stems wabject to blast
from atomic explosions in order to instrument a forest stand at reason-
able cost.

9
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CHAPrEU 2

~A~(XNDAND THMMREICAL DAT

2.1 g . - -

Preliminary analysisl/ of damage trees by shock wind indicated
that at sea level, conifers 24-in. DBW witl' 50 per cent crown and a
natural period of 2.5 sec would be expected to break at an iverpressure
of approximately 7.5 psi in the Mach stem region. The purpose of this
preliminary work was more to develop methods of analysis and delineate
problem parameters than to establish a radius of tree breakage. This
analysis provided the basis for several field studies which followed.

Studies of aerodynamic drag in tree crownsl/ indicated the nature
of forces which blast winds from atomic explosions might exert on iso-
lated tree croua. Variation in tree crown drag was found to be due
primarily to bending upon application of drag force. Dry weight of
crown appeared to be the best parameter with which drag could be corre-
lated.

Bending and breakage characteristics of r.nderosa pine stems sub-
jected to static loading have been analyzed,A/ and indicate that maxi-
mum stress at the point of static failure is of the order of 3,UOO
lb/sq in. Trees subjected to static loading near the center of
pressure of the crown generally broke near the base of crown.

i Operations Research Office. relimina Study of the Consequencesn
of an Atomic Explosion Over a Forest. ORO-T-O06. Washington, 1950.

102 pp.
2/ DM-meter at breast height, 4-1/2 ft above the ground, outside bark.

2/ U. S. Dept. of Agriculture, Forest Service, Division of Fire
Research. Experimental Investigation of Aerod na-ic Drag in Tree
CrownExposed to $teady Wind-Conifers. Phase Report for Operations

Research Office. December 20, 1951. 19 pp.

J/ U. Si Dept. of Agriculture, Forest Service, Division of Fire
RAsearch. rree Breakage Characteristics Under Static Loading--Ponder-
oat ". Report in preparation for Armed Forces Special Weepons

PrdJect.
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2.2 O T IQU SYSM

Further analysis of tree--stem breakage by shock wind,2/ which
employed data from work described above, established significant
parameters of tree characteristics and shock wave characteristics which
affect the probability of breakage and blc-1-down following atomic ex-
plosions.

In this analysis the tree was replaced by a single-mass, spring-
mass system with the mass placed at the position of the center of
pressure of Qhe crown drag force. Nal.ural period of the simplified
system equaled that of the tree, and the mass had the drag associated
with the crown. Restoring force characteristics of the spring were
determined from static deflection measurements made on the tree stem.
The viscous damping constant was determined from damped free vibration
of the stem.

The equation of motion equates drag, restoring, and daming forces
to the inertial force

£ dy 2  - 41. D(y) - R(y) -9CAX (2.1)

dt2  2 dt

where V is the relative velocity between the shock particle velocity
and the velocity of the mass center, y is the displacement of the mass
center, and jO is the air density. Density and particle velocity are
assumed to have a linear function with time. Squela4o 2.1 wI then
numericall. integrated in the manner outlined by Timoahenko.V/ Figures
2.1 and 2.2, results of calculations male to la-e, were used to locate
stations for Project 3.3. Similar calculationa were made on i:ighted
beams to preJtct maximum deflections for each shot. These calculations
were used to determine strength requirements and strain recorder gait.
settings. A more detailed presentation of the method is in Appendix A.

|. U. S. Dept. of Agriculture, Forest Service, Division of F.re
Research. AaLysis of Tree-Stem Breakage by Uiock Wind--Pqnderpsa
Pine. Report in preparation for Armed Forces Special Weapons Project.
6 Timoshenko, S. Vibration Problems in nineering. (2id ed.), New
York: D. VanNostrand Co., Inc., 1937. p. 126.
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Fig. 2.1 Calculated Breakage Overpressures for Isolated Ponderosa Pine.
Based on Sea Level Free Air Overpressures for a 20 KT Bomb at
2,000 Ft Burst Height.

g~c 40% CROWN ~

60% 0

6 0% a

ap a 1.06P
REGION Of BREOXAGE

2 .104REGIN4 Of XON-GRE AKAGI

1.0 is 2.0 2.5 3.0 is 4.0 4.j 5.0 55 go
1' IREE N&TURM. PERIOD

x POSmvc PN4S OIAAION TIME

Fig. 2.2 Normalized Breakage Shock Pressure Ratio for Isol ated Ponder-
osa Pine. Static Shock Pressure Ratio Based on Shock Peak
Dynamic "ressure Equal to That Associated With Breakage Due
to Steady Wind as Calcuilate~d From N4ormal Shocjk Relationships.
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3.1 STAT= = An TREES

Four trees and a "lollipop"l- were placed at each of four stations
on the Forest Service line in Area 7. Stations covered a range of 1.9
to 5.3 psi peak overpressure for Shots 3 and 4 as shown in Table 4.1.
Figures 3.1, 3.2, 3.3, and 3.4 are station photographs. The plot plan
and station layout are shown in Fig. 3.5.

Fig. 3.1 Station I Showing Lollipop and Trees A, B, C, and D (Left
to Right) With Crowns 40, 60, 80, and 30 Per Cent of
Total Height. View From Direction of Ground Zero.

Trees, approximately 45 ft high and 12 in. DBH, were cut from
Site Class 4 and 5 areas on the Charleston Ranger District of the
Nevada National Forest. Whole trees were hauled by special trailer to
the Nevada Proving Grounds and anchored by placing butt-ends 6 ft into
prepared concrete foundations. Stems were then grouted in place and
branches trimmed to form typical classes of tree crowns, which can be
seen in station photographs. Actual cutting was done 20 days before
Shot 3. Trees were positioned at Stations I and II before Shot 2 and
at Stations III and IV 10 days before Shoi 3.

l/ Weighted disk on an aluminum beam.
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Fig. 3.2 Station II Shoving Lollipop and Trees A. Bs C, and D

(Left to Right) With Crowns 50.. 60, 80, and 40 Per Cent
Of Total Height. View From Direction of Ground Zero.JeA

Fig. 3.3 Station III Showing Lollipop and Trees A, B, C, and D
(Left to Right) With Crowns 50, 50, 50, and 50 Per Cent
of Total Height. View From Direction of Ground Zero.

A,.

Fig. 3.4 Station IV Showing Lollipop and Trees A, B, C, and D
(Left to Right) With Crowns 50, 60, 80, and 40 Per Cent
of Total Height. View From Direction of Ground Zero.
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Reference points were established on each tree stem at the center
of the crown (which approximates center of pressure), and natural peri-
ode of vibration were measured prior to Shot 3.

Following each shot physical characterisei._ce of 'roken trees were
analysed by measuring stem diameter inside bark at 5-ft intervals andI. by determining weight and moisture content of foliage and branchwood.
After Shot 4, natural periods of standing trees were taken again.
Static load-deflection and load-strain relations were then determined
for "A" trees by pulling each tree with a cable attached to the stem
at the reference point and measuring deflection, strain, and load until
the tree broke. Physical characteristics of these and the remaining
standing trees were then analyzed. These measurements and relations.
are summarized in Tables 3.1 and 3.2 and in Fig. 3.6.

TABLE 3.1

Mechanical Characteristics of Trees

Station Deflection Spring Constant Strain Constant
wnd for (Lb/Ft ) (.AIn./In./Ft)

Tree Breakage* Reference Center of Reference Center of
(Ft) Point Pressure Point Pressure

I A 15.0 146 237 627 672

II A 6.6 289 512 835 1250

III A 10.9 150 218 710 980

IV A 14.0 183 296 938 1280

Deflection for breakage as a result of static loading applied at

reference point.
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TABLE 3.2

Pbyrcical Characteristice of Trees

Stem Diameters Height Tree Crown

Station 0.6•0e•mand DIBP DIB 0 Peric•. a -A

Tree 8  DE~b Ground Base of *f4*p4

Levell Crown 0 0-

(In.) (In.) (In.) (Ft) (Ft) (Sec) (Ft) (Lb-4f

I A 10.7 9.4 5.2 34.2 26.2 1.38 40 13.6 80'
I B 8.9 8.6 6.3 27.6 19.3 1.33 60 17.4 83
I C 10.5 10.0 9.0 35.9 21.9 1.28 80 29.2 200
I D 10.2 9.9 5.1 24.6 21.0 0.87 30 7.6 60

II A 10.7 10.3 6.7 34.2 25.9 1.04 50 17.2 68
II B 10.8 10.1 8.5 36.6 26.3 1.36 60 22.5 157
II C 10.5 10.2 9.1 27.9 18.0 1.13 80 24.0 145
II D 10.5 10.4 5.9 31.0 26.0 0.98 40 13.0 44

III A 10,7 9.8 7.0 38.9 28.0 1.48 60 24.0 90
III B 9.6 9.3 6.4 38.2 28.9 1.49 50 19.3 60
III C 7.5 7.1 5.0 32.6 25.1 1.31 50 16.8 23
III D 8.8 8.6 4.6 28.3 20.8 1.15 50 14.2 96

IV A 9.2 8.6 6.2 33.1 25.1 1.16 50 16.8 62
IV B 9.7 9.6 6.9 36.0 25.2 1.48 60 21.6 90
IV C 10.8 10.0 8.4 33.3 19.8 1.16 80 26.4 170
IV D 9.7 8.4 4.8 34.1 23.8 1.34 40 13.6 65

a All trees were western yellow pine, rinJs ponderosa var ac oium
Engelmann, except III D and IV C which, were red fir, L me
Murray.
b Diameter at breast height, 4-1/2 ft above ground, outside bark.
0 Diameter inside bark
d Height at which deflection measurements were made and static loads
applied.
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Fig. 3.6 Static Strain, Load, Deflection Relationships
for Instrumented Trees
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A single-mass system was designed as an "ideal-reproducible tree"'
with a natural period typical of trees exposed. Natural period and
other characteristics of the single mass system (Table 3.3) were re-
produced in lollipops, which were constructed by mounting a -in.
diameter steel, concrete-filled disk on an aluminum I-beam.e/

These I-beams were anchored in concrete foundations in the same
manner as the trees and were guyed perpendicular to the radius from
ground zero.

I''

A' 'I

Fig. 3.7 Lollipop at Station I as Seen From Direction of Ground
Zero. Steel Guard at Base Protects Strain Gage.

•/ 2.72-lb, 4-in. I-beam, aloy 61 ST 6.

19
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Lollipop Characteristics

Natural Period - 1.18 sec Spring Constant - 341 lb/ft

Disk Weight - 380 1bs Disk Area - 804 sq in.

Beam Weight - 34 lbs Beam Area - 351 sq in.

EWuivalent Total Equivalent Total
Disk Weight - 387 Ibs Disk Area - 1005 sq in.

Strain Constant - 1920 AID, Bue Fixityb - 0.75
ft

Height to Center of Disk - 14 1

a ,1in.iin. - strain in microinches per inch
b Ratio of actual to theoretical spring constant values

3.3 INSTRUMETATIO

3.3.1 Strain-time Measurement

Baldwin SR-4 strain gages were mounted 7 in. above the base
on the front and rear of each lollipop. A "strain meter" (Fig. 3.8)
was munted on the ground zero (tension) side of tree "A" at each sta-
tion, 1 ft above the base, so that the gage coull be affixed to the
outermost wood surface (Fig. 3.9). Gage assemblies were protected
from blast damage by foam rubber padding and steel guards similar to
that shown in Fig. 3.7.

Strain meter and strain gage bridge output were recorded on
Sanborn Model 127 oscillograph recorders equipped with Model 140 strain
gage amplifiers. The system was independent of external power supply
or timing signals. A block diagram of the power and relay system is
shown in Fig. 3.10.

Power was supplied by four 12-volt, 50 amp. hr automotive
wet batteries connected in series-pavallel. tach oscillograph power
circuit contained a separate 24- to 110-volt AC converter. Power con-
sumption during the shot was only 4 amp. hrs so that battery voltage
drop was small.

20
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Fig. 3.8 Strain Meter

rr

Fi~g. 3).9 Strain Meer Mnt~ed on Tree
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All relays, except the photocell relay, were 24-volt aircraft
iechanical-electrical latch in type as insurance against malfunction
due to shock.

The two alarm clocks were set at H-10 hrs so that alarms would
ring at H-1 hr and actuate the parallel toggle switches to close the
Agastat circuit. Strain amplifiers were thus powered during a one-hour
warm-up period for stabilization. The fireball tripped the photocell
(Fig. 3.11), actuating the photocell relay, which in turn closed the
two tape drive motor relays and opened the Agastat operational relay.
After a time delay of 2 min., all power was turned off by the Agastat.

'-

.. '-.

Fig. 3.11 Photocell and Motimt Above Instrument Shelter

Upon recovery the toggles were opened and all relays were reset
with an electrical reset switch. Alarms were reset and the system was
iinedia'ely ready for operation.

The pnotcell circuiti/ was too sensitive. This defect was cor-
rected by spraying the tubes with aluminum paint so that a Wabash Press
No. 50 flash bulb would trip the relay at 2 ft but not at 10 ft.

All circuits leading tu strain meters, strain gages, and photo-
cells were shielded microphone cable. In addition, the first two
cables ran through conduit providing magnetic as well as electrical
shielding. All microphone cables and oscillographs were grounded to

$. the conduit.

7Thomas 1. Monahan et al. The Effect of ThermalRadiation on Mater-
als. Naval Material Laboratory, New York Navw1 Shipypurd. A.F.S.W.P.
Report WT-311, Operation BUSTME, p. 26.
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3.3.2 ala&teaues

Baldwin deforest soratch gages were mounted to measure maxi-
amm train at the following locations on trees:

1 ft above ground away from ground zero - all trees
1 ft above ground toward ground zerý. - trees B, C, D
Base of crown away from ground zero - all trees

3.3.3 aximum Deflection Measuocent

Deflection snubbers were made by attaching piano wire to
each tree at the reference point and to the center of the lollipop disk
on the side towards ground zero. These wires led on a 450 angle to
small snubbing blocks staked down on the ground zero side of the tree.
Snubber wires were pulled tight and the length of long tails extending
beyond the snubbers was measured prior to each shot. Snubber-wire ends
were then remeasuree upon recovery.

3.3.4 Motion Plctures

Camera stations for motion pictures were designed to place
the plane of the film parallel to the radius from ground zero in order
to measure deflection versus time. Figure 3.12 shows the camera view of
tree movement. Also shown are aluminum foil bands which were placed on
each tree 10 ft and 15 ft above ground level for scaling purposes- A
foil band was also placed at the reference point. Thirty-five milli-
meter motion pictures were taken by the Army Pictorial Service Division,
Office of the Chief Signal Officer, TUMBLER-SNAPPER Project 9.1.

rI

Fig. 3.12 Station I Viewed From Motion Picture Camera Station
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CHAPT 4

4.1 ON

Overpressures and positive phase duration times to which trees and
lollipops were exposed are shown in Table 4.1.

TABLE 4.1

Overpressures and Positive Phase Duration Times at
Project 3.3 Statiori, TUMBLER Shots 2, 3, and 4*

Overpressure (PSI) Positive Phase
________10-Ft Level ___ Duration Tiiies (Sec)

* Station _____ Peak ____Incident' Ground Lev1el
____ Shot 2 o Shot 43ho Shot 4 Shot 3 Shot 24____ ___

I 1.3 5.3 4.1 2.1 0.42 0.98 0.98

11 1.0 4.3 2.9 1.6 0.43 1.02 1.02

III - 3.6 2.2 - - 1.06 1.05

IV- 3.6 1.8 - I -1.09 1.09

*Interpolated from data furnished by the Armed Forces Special Weapons
Pro~ject* 9 May 1952

Six trees were broken on Shot 3, and one of the remaining trees on
Shot 4 as shown in Table 4.2. No main branches were broken by either
blast. There were a few scattered twigs on the ground at each station

after Shoyt 3 but none after ShoT, 4.

Unbroken trees and lollipops did Dot appear to be damaged struc-
turally. Strain and deflection calibrations and natural period measure-
ments made before Shot 3 and after Shot 4 agreed within limits of
experimental error.
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TABLE 4.2

Characteristics and Circumstances of Tree Breakage

Station Over- Height of
and Shot pressure* Break Above Type of Break
Tree (PSI) Base (Ft)

I C 3 5.3 1 Diagonal bending failure

I D 3 5.3 14 Diagonal bending failure origi-
nating at knot on tension

II B 3 4.3 2 Short bending failure

II C 3 J.3 9 Brash failure at knot cluster

II D 3 4.3 19 Brash failure at one knot on
tension

III D 3 3.6 13 Diagonal tension failure

I B 4 j 4.1 7 Diagonal tension failure

* Ten-ft-level values, se Table 4.1.

f
AhL.

a -v,

Fig. 4.1 Breakage of Trees B, C, D at Station 1I, Shot 3
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A B

4.2 Typical Stem Failures. A - Brash Failure at
One Kot on Tension; Tree II D. B - Diagonal
Tension Failure; Tree MI D.

Tree breakage and non-breakage data for Shots 3 and 4, Figs. 4.3
and 4.4, were normalized in the manner described in Appendix A. Dy-
namic pressure ratio was used rather than shock-pressure ratio because
the former is compatible with both regular and Mach reflection types of
shock when loading is principally due to drag. Dynamic pressures for
breakage due to steady wind were estimated from tree characteristics
given in Table 3.2. Conditional breakage regions in Figs. 4.3 and 4.4
correspond to that predicted theoretically (Fig. 2.2) when it was moved
parallel to itself so that it separated non-breakage and breakage data.
N~o weight was given to the three trees which failed at knots and which
consequently fell in the region of non-breakage in Fig. 4.3.

4.2' ,ZM= ,pM,+j HITOY' M

lj Deflection-time histories and maximum defl~ections were scaled
from motion pictures whenever clarity permitted. Since a comparison
of motion picture time of shock arrival with actual shock arrival times

CONFIDENTIAL RESUMiCED DATA
Sow" I I 

_ _ A M -. , s

.. ..tua AT , k,.., ., ,.,

•# + . . l ' " *- " - - .. ' "•. ..+, .: " 4 +' • -- + " + "" .:+ ., • "



WONFIENTIAL

VAU 4>-bi

o~

08 oj I
00 0 a H' '

Q 0y d u 4

3ww3MHS011vS UVi 3NflSS dOIwwwo 11(a/ind)N4 o

MMS3WOWMwNAa XW3d *3ONS Q/17) J

0Z 0~.

0~ +
0 0! 

8o ~

IL 0
0 IL

I A77X1 7
Q*4 Q.' 

0

go -- 0 .



CONFIDENTIAL

showed wide variation from nominil film speed of 64 frames/see, film

speed was estimated from oscillograph records of instrumented trees,
Table 4.3. Oscillograph tape s.,eed timed before and after each shot
showed a maximum disparity of 8 per cent.

TABLE 4.3

Oscillograph Time of Arrival and Film Speed Data

Oscillograph Film Speed (Frame/See)
Time of Shock Time of Arrivalb Based On

Shot Station Arrivala (S e) Time of Oscillograph
(Sec) Trees ol6pops Shock Arrival Tape Speedc

2 1 3.90 3.73 3.77 41.3

1 3.84 3.68 3.62 53.4 -
II 4.55 4.56 4.51 57.2 54.7
III 5.28 5.42 5.22 57.5 -
IV 5.93 5.85 6.13 84.5 60.8

I 2.96 2.80 2.81 29.1 31.8
II 3.78 3.68 3.64 62.4 64.6

4 III 4.57 4.51 4.48 64.3 64.6
IV 5.38 5.37 4.87 76.4 '73.5

a Interpolated from data furnished by the Armed Forces Special Weapons

Project. 9 May 1952
b Not to be taken as true times of arrival - for comparison only.

c During time of tree motion.

Deflection-time histories and maximum deflections were determined
from strain meter data (Fig. 4.5) by dividing measured strain at 1 ft
by the static strain constant for the reference poirt.
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Fig. 4,5 ?raoing of Strain Meter Record, Tree I A, Shot 3.
Strain . 1090IL in./in. /division; Time - 2.68
division/see.

Defleation-time histories computed by the method described in
Section 2.2 are compared with those scaled from motion pictures and
those deteruined from strain meter data in Figs. 4.6, 4.7,, and 4.8.
Maxim= deflection data are compared in Table 4.4.

10

STRDJN METER
DATA

E t~o

*0.0 0.2 40%

TIME F0M SHOCK ARINAL (SEG)

Fig. 4.6 Moztion of Refez-ence Point Under Blast
loading, Tree I A, Shot 2
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Fig. 4.7 Motion of Reference Point Under Blast Loading-Trees, Shot 3.
See Table 3.2 for Reference Point Height.

Motion Picture Data
Strain Meter Data
Calculated
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Fig. 4. 8 Motion of Reference Point Under Blast Loading-Trees, Shot 4.
See Table 3.2 for Reference Point Height.

- Motion Picture Data
Strain Meter Data
Calculated
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4.3 NAMfluU D]ZIc-I - , &T.T.IPO i

uil-mm deflections vere measured from motion picture films, but
relative movments of lollipop centers of pressure were too small for
uea mt of deflection-time histories. Oscillograph data were pro-
""esed in the same manner as tree strain meter data. Maximum deflec-
tions for centers of pressure are shown in Table 4.5 and are compared
on a dimensionleas basis in Fig. 4.9.

TABLE 4.5

Maximum Lollipop Deflections

Time to Max. Peak Dynamic
Shot Station Maimim Deflection (Ft) Deflection Pressure

_ _ Oscillograph Snubber I Movies (See) (PSI)

2 I 0.0995 0.30 0.052

I T 1.73 - - 0.55
II 1.16(T) 1.52 1.48 0.46 0.41
III 1.10 1.09 - 0.39 0.35
IV 1.13 0.97 0.85 0.42 0.35

A T 2.03 2.16 - 0.42
11 0.868(T) 1.02 1.15 0.44 0.24
111 0.578 0.64 0.54 0.40 0.15
IV 0.605 0.52 0.48 1 _0.39 0.098

* T - data not r'liable due to twisting of lollipop

4.4 SCAT=CH GAGE S=RAIN MASfUR=meNT

Maximum strain values in Table 4.6 were read with a toolmaker's
microscope to the nearest U.0002 in. (equivalent to a strain of 0.1
A in./in.) directly from scratch gage targets. Figure 4.10 presents a
typical target record. Only 6 out of 70 gages failed to record.

Data t'rom simultaneous free viboation records taken on Tree IV A
vith scratch gage and strain meter on opposite sides of the stem are
coMared in Fig. 4.11.
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\ ///77 7 F\ TIME

Fig. 4.10 Scratch Gage Record and Diagrammatic Explanation
(Magnification - X 32). Tree IV B, Shot 3, 1 Ft
Above Ground Away From Ground Zero.

&O

z o6.0 0

o0 ED 4.0 60 ao

Sm1NN ME~TE[R REAWNG (1O•AAIN(•I/INCH)

Fig. ,.11 C'omparison of Strain ieassurement -- Scratch Gag~e
Versus Strain Meter
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TAX 4.6

Max-imn Strain Comparisoa. - Scratch Gages end Strain
Meters, TUMBLM-SNlPPER Shots 3 and 4

Station Shot 3 Shot 4
and MAudmim Strain, 103 /l in./in. Maximum Strain, 1030 in./in

Tree F-1a R-1a R-Ca F-i R-1 R-C

I A 7_5b 17.5 21 L3 21.4 17.3
I B 8.4 14.5 32.5 17.4 19.3 33.3
I C 5.2 U C 11.6 Md M M
I D U 8.5 7.9 M M M

II A f 8.6 10.3 2 7.9 9.1
IIB B e U 10.9 M M M
II C B 12.6 12.9 M M M
II D U 3.9 12.7 M M M

III A 4.3 9.8 4,& 5.7 8.0
III B 5.0 8.9 8.4 3.5 6.5 7.1
III C U 8.4 5.5 3.6 4.9 4.4
III D 7.6 11.8 15 M M M

IV A 5 6.2 6.2 _ 4.4 5.7
IV B 5.6 5.2 8.0 3.5 3.8 3.6
IV C 5.7 6.4 5.0 2.6 3.3 2.9
IV D 6.9 U 5.3 2.3 3.7 4.0

a Gage location on tree:

F-1, tension, 1 ft above ground facing ground zero
R-1, compression, 1 ft above ground facing away from ground zero
R-C, compression, at base of crown facing away from ground zero

b Underlined values recixded by strain meter located in F-1 position
c U - Record unreadable or missing
d M a No record; tree broken by Shot3

le B = No record; tree break near gagse
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Predictlos of mmmi. overpressures which will break forest trees
are based on calculations which assume that stem loading is the result
of aerodynamic drag of the tree crown due to after-shock winds. Aero-
dynamic drag characteristics of crowns have been determined experi-
mentally and correlated on a dimensionless basis with pbysical crown
characteristics. Calculations to date have been based on linear time
variation of after-shock particle velocity and density or on the theo-
retical time history appropriate to free air as shown in Fig. A.2.
However, the validity of applying free air time histories in regions of
regular awd Mach reflection remains to be verified.

5.1.1 Correlation of Shot 3 Lollipop Data

Maximum particle velocity and density following shock -

peak dynamic pressure - determines the magnitude of forces acting on
trees. In the Mach reflection region peak dynamic pressure was calcu-
lated from peak overpressure by normal shock equations; in the region
of regular reflection the calculation was based on incident and re-
flected shock overpressures by using oblique shock equations. Result-
ant peak dynamic pressure values are shown in Table 4.5 and correlated
lollipop deflection data for Shot 3 are shown in Fig. 4.9.

If the fact thatstations I and II were in the regular
reflectior region on Shot 311/ (Stations III and IV were in the Mach
reflection region) is neglected and peak dynamic pressure at tho3e two
stations is computed by normal shock equations, this failare to account
for oblique shock produces a 35 per cent discrepancy between correlated
lollipop deflections at the first two stations and the last two stations.

These correlation studies indicate that peak dynamic pres-
sure and duration time are the fundamental shock parameters for pre-
dicting or comparing damages to structures such as trees, suspension
bridges and towers, which have comparatively long periods and are af-
fected primarily by aerodynamic drag. These par&meters a'e particularly
applicable for damage comparison between regular and Mach reflection
regions.

I/ Teat Data furnished by the Armed torces Special Weapons Project.
15 YWq 1952.
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5.1.2, Q of Shot 3 and Shot 4 Results

Differences between results of Shot 3 wA Shot 4 are sum-
marized below:

1. Lollipop muxinim deflections at Station I were higher
on Shot 4 than on Shot 3 even though peak dynamic
pressure determined from reported overpressures for
Shot 4 was less than for Shot 3, and the positive phase
duration times were the same (Tables 4.1 and 4.5).

2. Lollipop maximum deflections for all stations on Shot
4 were higher than predicted when this prediction was
based on results of Shot 3 and overpressures as re-
ported for Shot 4.

3. Maximum deflection from snubber data and maximum base
strain from strain meter and scratch gage data for
tree I A, Shot 4, were higher than for Shot 3.

4. Tree I B, unbroken on Shot 3, was broken on Shot 4.
This tree appeared structrally and physically un-
changed after Shot 3.

These differences indicate that results from Shots 3 and 4 could not be
correlated satisfactorily even though allowance was made for Mach and
regular reflection occurrence as discussed in the previous section.
The only area of agreement between Shots 3 and 4 lies in the time to
maximum deflection for the lollipops. Little doubt remains, however,
that higher comparative deflections of Shot 4 over Shot 3 were a true
phenomenon. These data tend to support the hypothesis that factors
heretofore not considered caused peak c-namic pressures on Shot 4 to
be higher than indicated by reported peak overpressuree.

Sandia Laboratory pitot tube results•/ lend supporting
evidence to the above hypothesis. Measured dynamic pressures on Shot
4 at the 13-ft level were 20 to 30 per cent higher than those computed
from measured overpressures in the 3 to 8 psi overpressure region.
Measured Shot 3 dynamic pressures were in substantial agreement with
computed values. Further, but inconclusive, support ori&lpates in Los
Alamos Scientific Laboratory Shot 4 smoke velocity data.2/ Measure-
ments at the 300-ft level indicate peak particle velocities 10 to 15
per cent higher than those calculated from overpressure measurements
made nearer the ground.

Sandi a Laboratory. Shock-Zfuge Evaluation Tests,. A.F.S.W.P. Oper-
ation TUXM)Z-SEAPPIM Report WT-505, Projects 19.1c and 19.1d.

• 2 Verbal communication with F. B. Porzel of Los Alamos hcientific
Laboratory, September 17, 1952.
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Both data are subject to scatter due to low resolution at low
Sovereusure level; however, they agree In order of magnitude and in-
dicate the possibility of a 30 per cent increase in dynamic pressure
over computed values. A 30 per cent correction added to dynamic pres-
owes used for correlation of Shot 4 lollipcp deflection and tree
breakage data would bring them into juxtaposition with Shot 3 data.

Ans additional pressure pulse occurred on Shot 4 during the posi-

tive phase ./ Since this occurred after maximum displacements of

lollipops and trees it may be presumed that this secondary shock had
no effect on these displacements.

5.2 77 BRIPAKAG

Due to the limited number of tree installations and to the fact

that no two trees are exactly alike, prediction of tree breakage must
lean heavily on calculation procedures and extrapolation of data by

theoretical means. In addition, because of the reduction of KT on Shot
3 from the originally intended bomb size, none of the fully instrumen-
te1 trees broke. These situations precluded full exploitation of the
theory of breakage leveloped in Chapter 2; however, breakage, non-
breakage, and conditional breakage regions of Figs. 4.3 and 4.4 have
been defined. Results of Shots 3 and 4 are displayed separately since

the discussion in Section 5.1.2 indicated shock phenomena were differ-

ent in each case.

The conditional breakage region determined from theoretical con-

aideratioLo alone (Fig. 2.2) is subject to certain inherent inaccura-

ales in magnitude. Although the equation of motion may be integrated
with sufficient accuracy, dynamic breakage deflections are in doubt

due to a lack of complete knowledge of the increase in strength of

green timber under high loading rates. Further, more recent static

breakage data indicate that approximittely 50 per cent of all trees will

be stronger than the trees usea as Tne basis of the conditional break-

age region displayed in Fig. 2.2. The procedure followed in the

theoretical analysis should produce the correct variation with respect

to period ratio; however, dynamic pressure magnitudes must be adjusted

in accord with field experiments as was done in Figs. 4.3 and 4.4.

Considerable scatter is inherent in such plots as Fig. 4.3 and

4.4 because of variations in tree characteristics and because it is
unlikely that a tree is located just at the breaking point on any one

4/ U. S. Naval Ordnance Laboratory. Free Air and Ground Level Pres-
Aure eauremrpants. AF.S.W.P. Operation TUMBLE Report, Projects 1.3 -

1.5. 15 September 1952.
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shot. However, it is believed that the three breakage points on Shot 3
which fall within the region of non-breakage (Trees I D, II C, II D)
are not chance variations since these and only these trees broke at
knots as shown in Table 4.2. It is possible that stress concentrations
occur at certain knot combinations. More actual breakage data for
static and dynrmic loading are needed to establish the validity of this
hypothesis.

In F'igs. 4.3 and 4.4 conditional breakage regions were located to
separate breakage and ncn-breakage date except for the case described
above. The scatter -n these diagxams as well as the Shot 3 variations
indicate need for more test data which, added to that already obtained,
can be used to establish breakage probabilities associated with varia-
tions in tree and shock parameters.

Section 5.1.2 and the above discussion indicate that the conditin-
al breakage region determined from Shot 3 data (Fig. 4.3) represents
the better basis for the lower limit of dynamic pressure approaching
complete breakage of isolated conifers.

The combination of tree periods and positive phase times of Shots
3 and 4 grouped data at the lower end of the period ratio scale (Figs.
4.3 and 4.4). Since periods of growing trees of the type used for
Operation SNAPPER range from 2 to 4 sec and periods of some species
range up to 14 aec, future tests should cover a greater range of period
ratio. With improved methods of installation it may be possible to in-
crease tree periods to 2 sec; however, an increase in range of positive
phase duration times as well as overpressure should also be provided
through variations in bomb size.

Stem breakage occurred near the base of the crown or below, and
in no case did the crown break up. However, sinca these trees were
selected because they had no defect and no dead limbs, breaks at such
defective points in sa.ems and crowns can be anticipated in a natural
forest.

5.3 DEFLECTION-TIME HISTORY - TREE

Deflection-time data determined from strain measurements generally
agreed with those determined from motion pictures when strain constant
at small deflection was used. However, had the full static strain-
deflection curve (Fig. 3.6) been used, excessive deflection values
would have been obtained from strain meter data, and in some cases such
deflection determinations would have been in excess of breakage.
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It has beaa established2/ that under conditions of high loading
rate, the yield point for wood increases above its static value. Suf-
ficient data are not available in the literature to predict this in-
Oreamq for grcLdng trees. Project 3.3 results indicate that this
increase for green taAber in much greater than would be predicted from
dry wood data. Ow example is found in the &act that Tree II A failed
under static loading at a deflection of 6.6 ft, while motion pictures
sb-ved its deflection on Shot 3 to be 8.8 ft without breaking. This
phenomenon cannot be explained by moisture content difference after
Shot 3 (90 per cent) and ofter Shot 4 (60 per cent), because within
this range experimental evidence indicates that there is no appreciable
change in the static strength of wood.

A detailed examination of corresponding motion picture deflections
and strain meter readings should lead to the determination of the
stress-strain relationship under dynamic loading. Unfortunately this
comparison cannot be made in the region close to breakage, since none
of the instrumented trees failed. Furthermore, film speed of the
motion pictures was in doubt. Consequently, film speed was arbitrarily
made to agree with oscillograph tape speed by matching times at initial
and first zero deflection positions. Agreement or disagreement between
times to maximum deflection is coincidental.

As a result of the high yield point when loading rate is high, de-
flection calculations on instrumented trees were made using the linear
load-deflection relationship as determined from the spring constant
instead of using the static load-deflection relationship described in
Section 3.1. Had the latter method been used, greater deflections would
have been calculated, and in some cases breakage would have been pre-
dicted.

Drag determdnations were made from previous work/ which estab-
lished weight ratio of foliage to branch wood and crown weight as the
most important trc& parameters affecting drag. Since SNAPPER test
trees were cut prior to the current year's needle grovth, the weight
ratio based on these previous studies, which were made in late summer
when needle growth was complete, was reduce4 by one-third.

Calculated maxlium drflections were within 20 per cent of measured
values. Agreement among calculated deflection-time histories is con-
sidered good in view of the number of variables involved. This agree-
ment substantiates use of the single mass approximation used in previous
conifer analyses and use of the free air time dependenc, of particle
velocity and density as a suitable approximation in the regular reflec-
tion and Mach stem regions.

I L.J. Marquardt and T.R.C. Wilson. StregTh and Kelatled Properties
of Woods Grown tn the Unite-d States. U. S. Dept. of Agriculture Tech.

•ul. 479, Wa2K'nrton: U.S. Govt. Printing Office, 1935. p. 60.
i Forest Service, kerodvnaxmic D~rag in Ze=e Qrroms, o~p.cit.
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5.4 DXyMION-TMM HISTR -LLLPP

Derivation of the equation of notion outlined in Appendix A indi-
cates that normalized maximum deflection is a function of four dimen-
sionless variables for any particular particle velocity and density
history.

-A f( 62T T U1T+ L PO

Prior to UMML-SIAPPM a series of numerical integrations was
performed using a linear time dependency for particle velocity and
density. These calculations covered the range of variables expected
for the lollipops during the test as shown in Table 5.1.

TABLE 5.1

Range of Variables Covered by Deflection Calculations

T Ui.T+ L Po

Minimum 0.1 0.0025 0.00175 1.11

Maximum 0.5 0.0050 0.10 1.45

In the ranwe indicc-ted ¶bove only the period ratio was significant,
shock overpressure was second order, and the remaining two variables
insignificant. TUMBLE lollipop data remained within the above range
of calculations.

A second set of integrations was perfolmed using free air decaj
of particle velocity and density shown in Fig. A.2 for mean values of
7&/UlT+ and Ys/L and pressure ratio range experienced at TUIMM.

Figure 4.9 compares results of these two computatIons. Use o
linear decay gives somewhat higher deflection r-+4•- at higher period
ratio, but the disparity is not great.
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Mkxlnma deflection and time to reach maximum deflection data were
nm alised as described above. Points plotted in Fig. 4.9 are based on
avme s of the three methods of measuring deflection except at closer
sationsa, who tviting of lollipop beams invalidated strain gage
records. In these cases motion picture and anubber data were used to
calculate plotted points.

Shot 4 data fall below the predicted curve for reasons discussed
previously. Since the strain record vent off scale on the one Shot 2
record, estimated maximum strain and the resultant plotted point may be
unreliable. Shot 3 results are considered to be the most reliable, and
agreement between these experimental points and theory is good.

Substantiation of the calculation method by these lollipop data
and the close approximation of the linear velocity decay calculations
to the free air- calculations indicate that previous tree breakage
calculations aiown in Fig. 2.2 which were based on a linear decay are
not considered to be seriously in error. The trend indicated by these
calculations should be reasonably correct; hovever, magnitudes must be
adjusted by experiment as was dont in Figs. 4.3 and 4.4.

5. 5 SCRATCH GAME DATA

Scratch gage installations were made to provide basic data on
maxiraum sarain at base of tree stem and at base of crown to provide
estimates of breakage-strain under impulsive loading, and to study the
applicability of low-cost, strain-measuring instruments.

Preliminary analysis of scratch gage data indicates that: (1)
Large deflections resulted in considerable distortion of the strain
curve across the 1-ft section as would be exnected from curved beam
theory, and (2) greater strain occurred at the bdse of crown which adds
to the evidence that breakage uill occur near this point,

Figure 4.11 establishes one-to-one correspondence between strain
meter and scratch gage readings. These data were taken at low de-
flection from a record similar to Fig. 4.10 and are maximum tension to
noxinim compression readings. The maximum strain level :epresented is
therefore 31A in./in., and the readings are not influencel by non-
linearity of strain across the section of the tree stem, which occurs
at high deflections.

Accuracy of scratch gage readings is dependent primarily on the
establishment of zero reading, i.e., zero strain level prior to shock
arrival. As shown in Fig. 4.10 this line is rather wide. Although
readings werepade to the nearest 0.1 -in./in. of strain, estimated
accuracy on the basis of Fig. 4.11 difficulty in est-bliabing zero
is of the order of 0.51A in./in.
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5.6

5.6.1

Snubbers are the easiest and least costly way to measure
mximm deflection. Field data can be read quickly and accurately.
Reduction of these data to maximzm deflection, however, requires that
the arc traveled by the reference point be known. This difficulty has
been overcome in recent static breakage tests by attaching two snubbers 4
at the reference point., and thus determining maximum deflection direct-
ly from field measurements. Snubbers can be used to instrument an
entire stand of trees; natural or artificial, which will be exposed to
atomic explosions.

5.6.2 S

Scratch gages represent an expedient method of recording
maximum strain whenever time sequence is not important. Accuracy is
approximately 1/10 that of strain meters but in view of low cost and
small insiallation time ($4.00 and 1/2 hr per installation), this can
be tolerated when a large amount of data is desired. Reduction of
lata requires a microscope and is rather tedious. Readable scratches
are not always obtained (only 6 out of 70 used by Project 3.3 failed to
record), but experience in setting scratch gage arm pressure reduces
record loss to a minimum.

3.6.3 Oscilloffra~h-Strain System

Oscillograph recording of strain meter and strain gage cir-
cuits provides accurate measurement of time variations in strain and
deflection. This system was well-adapted to field use and suffered no
damage from induced signals, shock, or sand. Amplifier gain settings
were stable. Attachment of strain meters to trees was satisfactory as
evidenced by the fact that records returned to their original pre-ahock
nero readings. Strain-time records may be obtained from any point in
the tree stem by use of this system suitably protected against blast
damage.

The principal deterrent to large-scale instrumentation to
obtain strain-time history on many trees is cost. A complete oscillo-
graph-strain system to record strain-time at one point may be dupli-
cated at a cost of approximately M900 and requires one day to install
after the shelter and conduits are in place.

5.6.4 Motion- Pictures

Motion pictures provided general visual data on tree and
lollipop movement following shock arrival but were only partially
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if for mesaewma-t of deflection. Disparity between nominal
M Sped and aotal film speed made determination of time sequence
dIfOult. Bad film speed been constant and kown, the disparity con-

sthe dyamic pressure on Shot 4 could have been resolved from
e s of the displacement of vapor originating from the tree

fo1.". Dut obscured all motion at Station I and motion after the
fint maximm at other stations on Shot 3. Collapse of a temporary
slter cover at Station III on Shot 3 covered the camera lens before
aw l.. deflections occurred. All prints of Shot 3 were fuzzy, which

mAe it difficult to follov preoirely the poei*tion of tree steems.

Lollipops represeut instruments which respond to peak
dymaiic pressure and may prove valuable in determining this quantity

ithin forest stands. Lollipops at Operation SNAPPER failed to respond
as intended because of their twisting motion during large deflections.
This difficulty can be resolved by selection of a beam cross-section of

higher torsional radius of gyration or by a redesign on tne principle
of the ballistic pendulim. Consideration should be given to the possi-
bility of making the lollipop portable to permit changes in its loca-
tion between shots of a graded series.
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CUAPT 6

CMICIMIMM AND P.OM•'OI

6.1 C

1. Blast damage to forests from atomic explosions is primarily a
function of aerodynamic drag of the particle velocity. This basic
assumption was verified by results of Project 3.3.

2. A method of predicting tree breakage has been established and
in part substantiated. This method relates tree breakage with two
ratios: shock peak dynamic pressure to dynamic pressure for breakage
due to steady wind; and the ratio of tree period to positive phase
duration time.

3. Peak dynamic pressure is a more compatible parameter than peak
overpressure for predicting atomic explosion blast damage to trees and
structures which have compa~ratively long periods and are suscer'Able
to damage by aerodynamic drag. Peak dynamic pressure criteria .ppear
to be compatible with breakage and deflection results obtained in Mach
and regular reflection regions, whereas peak overpressure alone does
not permit correlation of results.

4. Coniferous tree crowns break up as a unit with stem breakage
usually occurring near the base of the crown. Strain on the tree stem
is greater at the base of crown than at the 1-ft level.

5. Peculiarities in breakage and deflection data on Shot 4 in-

dicate that peak dynamic pr:ures experienced were greater than those
calculated from measured peak overpresvures.

6. Agreement between measured and calculated lollipop deflectious
for Shot 3 substantiate calculation methods used to predict tree motion
and the use of free air particle velocity and density time history as
approximations for Mach and regular reflection regions. [

7. Applicability of a single-mass system to analytically predict
tree motion following shock was confirmed by Project 3.3 results.

8. The lower limit of shock peak dtynamic pressure for complete
breakage of isolated conifers is estimated to be in the order of 0.7
psi when associated with 1-sec positive phase duration. This value of
dynamic pressure corresponds to a sea level overpressure of 5.5 psi for
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Moib reft1e-_d . Sa breakae vll ocer at lover dymamic pressues
beams of statistical triat.ions of static strength fotnd in ap-
MU y sound tree stem and also because of stem defect such as rot

or fire scar.

9. Lollipops reprmsent an instrument capableý of measuring the
total i£qilse due to dyntAic pressure of chock particle velocity.

10. Natural forerts or prepared forest stands can be instrumented
*oomamically bo study blest damage from atomic explosions with no re-
qiitmat for owtlide power or timing a.ignals. "he Ptrain meter system
awwrtn17 records time history of strain, snuouers provide adequate
a t of ma-im de•'lection, and scratch gages measure maximum

strain.

6.2 •e

6.2.1 :!ture, Atomb F1 eld T•_ts

1. The period ratio (tree period to duration time) covered
in ProJect 3.3 should be extended by using trees vith longer periods
and by increasing the range of duration time through a graded series of
abots.

2. Tncident a"d rv:Xlected overpressures for the regular
reflection reg should conthiue to be reported in the 2- to 8-psi
overpressure region. Values sboeld be measured apprCinately 20 ft
aboe the gro*md.

3. Dynamic pressure should be measured in preference to
oe?.ressure whenever such daxa Rre used for correlatiori against
ctructvral damage due primarily to aerodynamic dreg.

4. Investigation of shock wave disturbance due tc 1ov4
burst height should be continued, p&rvicularlj in relation to peak
par,icle velocity and density.

5. Instrumentation:

(a) Portable lollipops should be designed for use in
and around forest stands.

(b) Scratch gages should be used to investigate
*Wam strain along tree stems

6. Befo!e a prepared stand Is exposed to atomic explosions
the proble= of what minimum area will constitute a semi-infinite stand
mst be solved.
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6.2.2 Ote u

1. More static breakage tests are needed to establish vari-
atlas In static strength of growing tree stema.

2. laboratory tests should be made to determine deflection-
strain relations to the point of failure for tree stem.

I
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A.1 WWh~IQ O? MOTION - DLOLLIO

Iallipop notion under blast loadinig is assumed to be that of a
simple spring mass system acting under external, force due to aero-
dynamic drag of the after-shock particle velocity. Internal damping
force is assumed negligible in compar~r 'ýon to other forces. The system
is shown schematically in Fig. A.l.

LL

Fig. A.1 Equivalent Mechanical System -Lollipop

'0
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CONnDEIIAL

Fr= Neton• s principle the equation of notim ti

MW* kS (Y) 2 eODA)$ (Li1)

whmee particle velocity relative to center of pressure velocity in given

V2 -92 +j2- 2U ycos6 (A.2)

and(#1 CrA)) is the drag component in the direction of motion. For
smal deflections the center of pressure follows a circular path and to
the first approximation the beam assumes a sine curve. The angles are

• then

G6a X and a.- (A.3)
L 2 L

Referring to Fig. A.1 and combining Equations A.1 and A.2

OW + k yo~ %DA(& L +(IV 2

(A.4)
we (O.+i) eo" (OC . )

Letting

S- ox. =t ,and an

S~a

* D iuation A.4 can be wrltten in dlmensionles for'm:

ms1
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(Y~' +ain A~fJ +(2 -~ - (~t.. )fU~ coo~
3,F %a + I C'oo

!LA-sin$
t"1--J. UlT+

.L. s icon6
Ul U1T+ 

(A.5)

il z

L

2 L

For free air U .fl(x) and / P f2 (x) as shown in Fig. A.2.
U1  P,-Oo

The density ratio may be foumd from the equation

-- 1- - i - f 2(x) (A.6)
,401 101 f1-f(~

Equations A.5 were integrated numerically for various values of

i__- , , nd Ro to establish maximum values z, , and the

21iT+ ViLT L

time to reach this value, TM , for a linear particle velocity and

density

1 U1  ,-Oi~O

and for free al pa.ticle velocity and density relationships. The re-
i sults of these calc--,ations are shown in Fig. 4.9.
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0.0 O'U I •

• 0

0*

4a 0.4 I

a0.0

0.0 04 0.8 1.2 1.6 2.0 2.4 2.8 3I 3S 40 44
T TIME FROM SHOCK ARRIVAL
T, POS[VE PHASE ODURATION TIME'

Fig. A.2 Theoretical Particle Velocity and Density Variation With Time
.'for Free Air, 2.2 < (P1 - Po) ( 8.4 PSI. Dquations Represent

Buirical Fit Through Points Computed From L.A.S.L. IBM Prob-
lm M Calculations Supplied by Lt. Col. F. B. Porsel, LosAlamos Scientific Laboratory. Subscript o Refers to Preshock 4

Values, Subscript 1 to Peak Values.
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A.2 PEAK PAITICLE VELOCITY AND DENSITY FROM SHOCK s ms

A.2.1 leftlar Reflection

For incident-reflected shock configurations (Fig. A.3) the
d tensit ratio may be found from

2 p /.2 +

, , P2 (A.7)

o+ 1+W. + 2 1

since thermodynamic state eouations are invariant under translation./ Si

WREGniON OF SHOCK MOTION 1

' ~Fig. 1.3 Incident-Reflected Shock in Stationary Frame of Reference

I_/ . Coureant and K. 0. Friedrlchs. SuesncFo adSokWvs

Tnterscience Publishers, Inc., New Yor-k, 1 4. p. 302
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Nomn-stationary oblique shock ma be brought to rest by im-
posing a velocity qo on the velocity field'/ (Fig. A.3) where

2 2 +

Angle of inciden ,/3,was determined from burst height and station
ground distance.

equation&/ The peak particle velocity may then be found from the energy

2 2 2 1

where

Col Po o

and

ql -l +-.o

In order to make the calculation method entirely clear, a
numerical example of dynamic pressure determination is presented. Con-
sider the illustrative set of data:

burst height - 2500 ft Po a 13.0 psi
ground distance = 3500 ft 6 P! M 5.0 psi

ao a 1i00 ft/sec Ap2 - 2.0 psi

.,pp. 148-149,

3! This procedure was only approximte for Station II, Shot 3, where
MMah reflection had formed, but the &riple point was below the 10-ft
"level. For that pressure level/ 3 -/extr a 0.60, which indicates that

this approximation was reasonably correct.
SCourant and Priedrichs, o ., p. 302.
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221

2L for1 .4

FmE Equation (A.7)

6. 1.+ 6

.12-Q x - 1.26
S 6+15.0

(%) 6 +(83.= 1_.0

0.0

Frm Equation (A.9)

-1• 1.o+( 1-•" xr½-?) - 1.21;

U1  a (3i_•o. c. 0o -° (1.104 - 1.307)1100 = -224 ft/sec

The dymnaui' pressure becomes

2 2 1 + 13.

.21 2 7

1 2 0.70 x 1.26 x 13.0 (0.203)2 - 0.473 psi
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A.2.2 Mach Reflecti

e tple ,,ti a normal shock, Equations A.? and A.9 can be written

o P.

,(1 (P.0)

A.3 RE)UCTION OF DEFLECTION DATA - LOLLIPOPS

To reduce experimental deflection data to dimensionless form, base
fixity was computed from the spring constant based on the lollipop peri-
od, as given by Equation A.12, and the theoretical spring constant com-
puted from the beam constants, assping a fixed end cantilever and
loading at the center of the disk.

kr a A~ (Wdisk + 2-Wteami) (

F - sprinr constant from EF. A.12 (A.13)
computed spring constant for fixed end cantilever

- actual deflection (A.14)

theoretical deflection

The theoretical spring constant k under steady wind loadirC was

computed using a distributed drag loading along the beam len"t• equal

toPil CDAf plus the drag due to the lollipop disk, 10..L C>Adj.

V/ 0ourant and Friedrichs, op,.cit., pp, 148-149.

V S. Timoahenko. Ylbration Problems in Emineerim. (2nd ed.)
D. Van Mostrand Company, Inc., New York, 1937. p. 86.
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-iag coefficient wvas assumed to correspond to the steady state vaiue2i
of 1.1 for thedisk and 1.8 for the bem. The equivalent disk area
tben equals

4.egnte of pressure deflection due to beam draga center of pressure deflection due to disk drag/

Actual slatic deflection corrected for base fixiity becomes

TL- CDAq (A.16)

A.4 NUAEON OF MOTION -- TR

Trees are assumed to be simple spring mass systems with the same
characteristics as previously described for lollipops except that the
drag term is based on weight of dry crown and is a function of displace-
anet.§/ An additional assumption is that the crown drag is independent
of the angle of attack. Internal damping is neglected as experimental-
ly determined values of the damping coefficient are negligible when
compared with the crown drag force.

Calculations were carried out in a dimensional manner using Equa-
tion A.4 with the peak particle velocity, density, and positive phase
duration time appropriate for each shot and station.

A.5 REDUCTION OF BREAKAGE DATA - TREES

Dimensionless breakage relationships presented in Figs. 4.3 and
4.4 may be inferred from the following analysis. From results of lolli-
pop calculations the maximum deflection of a simple spring mass system
my be represented to the first order as

Lionel S. Marks. Mechanical Erneers' Handbook. McGraw- l1' Book
Company, New York, J941. p. 1543.
S/ Forest Service, ALl~ygis of Tree-Stem Breakaie by Lhock Wind-

,A MdMAb , 2P. cil.
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Consider a comletely linear system for which breakage occurs at a peak
dyawae pressure offi n12) . A static deflection may be define,, on
"this basis: 2 /b

Under steady wind loading, breakage occurs at a dynamic pressure de-
fined •y

If under impulsive loading breakage occurs at the same deflection as
under static loading by steady wind, then Y* must equal Yb. Therefore,

Sencej ~T"

2 -b f( (A.17)

For tree breakage the systm L; not linear to breakage. everthe-
lees, the dimensionless relationship inferred in Equation A.17 my be
applied intuitively provided it is reaslied that the functional re-
lationship may not be the same.
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Ad lollipop disk area, sq ft

Aeq a Rquivalent lollipop disk area, sq ft

Af - lollipop beam area per ft of length, sq ft/ft

Co. a sound speed at prevailing atmospheric conditions, ft/sec

c 1  , sound speed immediately behind shock wave, ft/sec

CD a drag coefficient, dimensionless

D(y) - drag function, sq ft

e - 2.718..., base of natural logarithms, dimensionless

f a a functional relation

F = base fixity, dimensionless

g - gravitational constant, ft/sec2

k a spring constant for ho.fizrntal loading, lb/ft

k5  = spring constant determined from period of vibration, lb/ft

L a height of center of mass above ground, ft

m a mass, ib/sec2/ft

No = flow velocity normal to incident shock, ft/sec

PG a ambient air pressure, lb/sq in

Pj n air pressure immediately behind shock, lb/sq in

P2 - air pressure immediately behind incident shock, lb/sq in

qo - flow velocity ahead of shock, Fig. A.3, ft/sec

Sql a flow velocity behind shock, Fig. A.3, ft/sec

R(y) - restoring force function, lb

t M time, sec
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Tm a time to maximum deflection, see

T+ a positive phase duration, sec

U a particle velocity, ft/sec

Ui a maximum particle velocity behind shock, ft/sec

V a relative velocity, ft/sec

W M veight, lb

x - time parameter, t/T+, dimensionless

y - mass displacement along arc, ft

y - dy/dt, ft/sec

y - d2 y/dt 2 , ft/sec2

Yb w deflection of center of mass &t breakage, ft
V.-

Ym = maximum deflection of center of mass, ft

Ys = static deflection of center of mass associatod with peak
dynamic pressure, ft

z = deflection parameter, y/Ys, dimensionless

S= dz/dx, dimensionless

2 d2 z/dx2, dimensionless

Oe = an angle, Fig. A.1, radians

/ = angle of incident shock, radians

= an angle, Fig. A.1, radians

- an angle, Fig. A.1, radians

2 - , where I is the ratio of specific heat of air,

I ' dimensionless

- 3.1416..., dimensionless

- air density, lb sec2/ft 4
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